Abstract-We experimentally demonstrate semiconductor optical amplifier (SOA)-based wavelength conversion of 3 × 25 GBd Nyquist-16QAM signal for a flex-grid network. The conversion efficiency (CE) and power penalty of each of three channels during single pumped SOA wavelength conversion are studied with respect to three different channel spacings (or frequency grids). The BER performance of all converted channels fall below the FEC threshold of 3.8 × 10 −3 , even with a 50 GHz grid. The results show the tradeoff between channel spacing, CE, and BER power penalty. Closely packed channels, which clearly increase spectral efficiency, are also shown to decrease conversion power penalty, potentially counter balancing increased crosstalk levels. These results can be used to optimize routing and spectrum allocation strategy when SOA wavelength converter(s) are present in the optical link.
I. INTRODUCTION

C
OHERENT detection, advanced modulation formats, and multi-carrier signaling (OFDM and Nyquist-WDM) are widely studied in optical transmission systems [1] , [2] . As these technologies mature, they are expected to trickle down to metro and access networks [3] . In addition to providing higher data rates and greater per-channel spectrum efficiency (SE), these technologies also enable a flex-grid/elastic network configuration. The flex-grid configuration can adaptively select SE and bit rate at the transmitter end for each channel [4] , [5] , allowing further improvement of the total SE of the network. In such elastic optical networks, the optical spectrum is divided into small slots (like 12.5 GHz, or even 6.25 GHz) [6] , and then (re)allocated to each channel according to the request of bandwidth and wavelength. The flex-grid must deal with issues such as spectrum fragments and potential wavelength conflicts [7] . Deploying wavelength converters at optical connection nodes has been proposed as an effective solution [8] , [9] . Converters at intermediate nodes enable spectrum defragmentation and obviate the requirement for frequency-shifting transmitter laser sources, thus avoiding the associated detrimental effects of laser shifts. Wavelength converters circumvent wavelength conflicts, greatly increasing the flexibility of the routing and spectrum allocation strategy.
Four-wave mixing (FWM) in nonlinear devices is often proposed for wavelength conversion of signals with phase modulation because it is transparent to bit rate and modulation format. Various nonlinear media have been studied for FWM, such as highly nonlinear fiber [10] , silicon waveguides [11] , silicon nanowires [12] , and semiconductor optical amplifiers (SOAs) [13] . Among these approaches, the SOA solution provides a practical implementation with wide spectral range, low pump power, small form factor and high conversion efficiency (CE).
Wavelength converters typically exhibit wavelength dependent performance; in a flex-grid WDM system this complicates the overall trade-off of wavelength conversion with respect to reach, bit rate and SE. Foreknowledge of these trade-offs in the presence of wavelength converter will allow the routing and spectrum allocation algorithm to cope with a complex scenario of advanced modulation, multi-wavelength and flex-grid. For Nyquist-WDM, which can easily support a flex-grid network, the conversion penalty is of particular interest.
For the first time, to the best of our knowledge, we examine experimentally the performance of SOA based wavelength conversion of Nyquist-16QAM in a flex-grid optical network. In [14] this was examined via simulation for a fixed grid of ∼28 GHz; we study the impact of grid spacing on performance as well. We demonstrate BER below the forward error correction (FEC) threshold of 3.8 × 10 -3 [15] for all three converted channels in a 3 × 25 GBd superchannel. CE is found to be a poor predictor of power penalty. BER results show that more closely spaced channels minimize the power penalty for all the channels. We discuss how the performance of the three channels can be manipulated for uniformity and for overall spectral efficiency. Fig. 1 shows the experimental setup, which is composed of four parts: signal generation, wavelength conversion, noise loading for BER measurement, and coherent detection. The transmitted signal carrying 16QAM data is preprogrammed and digitally pulse shaped using offline DSP. The digital pulse shaping filter is implemented by a 128-order raised cosine function with two samples per symbol (SPS). The roll-off factor is set to 0.01 to create a Nyquist pulse with 25.25 GHz bandwidth. The in-phase and quadrature samples are then down sampled to 1.3 SPS and loaded to two synchronized six bits digital-to-analog converters (Micram-DACs VEGA II) working at 32.5 GSa/s to generate 25 GBd electrical signals. These electrical signals are then applied to an I-Q Mach-Zehnder modulator (IQ-MZM) to modulate continuous wave (CW) light from a tunable laser source (TeraXion PS-TNL) at 193526.8 GHz (1549.1 nm). The modulated optical signal is amplified by an erbium doped fiber amplifier (EDFA) and filtered by a 40 GHz optical band-pass filter (BPF1 -Finisar Waveshaper 4000S) to reject the spectral replicas caused by digital up-sampling.
II. EXPERIMENTAL SETUP
The data modulated Nyquist signal is sent to an intensity-MZM driven by an electrical clock source (RF synthesizer) to generate three identical channels with RF spacing controlled by the clock frequency. The bias of the MZM and the amplitude of the clock source are adjusted to equalize the power levels of the three channels. BPF2 (Alnair Labs BFV-200-SM-FA) is employed for rejecting higher order channels on both sides. An inset to Fig. 1 shows the three Nyquist pulses, in this case with channel spacing of 50 GHz. The optical signal-to-noise ratio (OSNR) is above 40 dB, but the measured electrical SNR is ∼27 dB due to the in-band noise pedestal observed in the inset.
At the wavelength converter, the signal carrying three Nyquist channels, is combined with a CW laser (Cobrite DX1), called the pump, and co-propagated in the SOA (CIP SOA-XN-OEC-1550). Polarization controllers (PCs) are used to optimize the interaction between pump and signals in the SOA. The center channel (channel 2) carrier and pump wavelengths are held constant, while channel 1 and channel 3 wavelengths vary with grid spacing. The pump wavelength is fixed at 193601.9 GHz (1548.5 nm), ∼75 GHz (0.6 nm) away from the center channel, 193526.8 GHz (1549.1 nm), of the input signals.
In [13] we showed that even in the presence of a strong pump, the patterning effect is still present at the SOA output. Due to this effect, a careful optimization of the signal and pump power is required to trade-off CE and induced nonlinearities. The total signal power at the SOA input, i.e., three channels, is set to -12 dBm while the pump power is 8 dBm. Two isolators (not shown in Fig. 1 ) are used at the input and output of the SOA to avoid back reflections. The conjugate idle signals generated by FWM are located on the lower wavelength side of the pump. After the SOA, an optical filter (BPF3-Alnair Labs BFV-200-SM-FA) is used to suppress the pump and probe, and deliver the wavelength converted signal. The converted signal is then amplified by an EDFA.
The wavelength converted signal is combined with ASE noise coming from a noise loading stage-an EDFA followed by a 1 nm optical filter (BPF4) and a variable optical attenuator. To enhance the performance of our integrated coherent receiver (CRx), the converted signal power is kept fixed at -3 dBm. To reduce noise and enhance OSNR for this input power level, we use a programmable optical filter (Finisar Waveshaper 1000 S) with 50 GHz bandwidth centered on the Nyquist signal to be examined. Channel selection is done in the electrical domain. The local oscillator (LO), a tunable laser source (TeraXion PS-TNL), has 13 dBm mean power. All laser sources used in the setup have linewidth below 100 kHz. The resulting electrical signal is sampled by a real time oscilloscope at 80 GSa/s with 30 GHz electrical bandwidth.
The sampled electrical signal is processed offline by digital signal processing (DSP) using MATLAB. The DSP flowchart is shown in Fig. 1 . The signal is first filtered with a 10th order super-Gaussian low pass filter of 25.4 GHz bandwidth to reject out of band noise and adjacent channels. Due to the strong filtering of the limited DAC bandwidth and cascaded narrow optical filters, timing recovery is challenging in this scenario; we therefore use a two stage adaptive equalization scheme for joint convergence and timing [16] . We first apply a T/4-spaced (T: symbol period) constant modulus algorithm adaptive filter with 64 complex-valued taps for pre-convergence and timing recovery. Afterward, the signal is down sampled to two SPS, and then another T/2-spaced multi-modulus algorithm adaptive filter is used for fine convergence to further improve SNR [17] . The frequency offset is compensated in two steps: FFT-based coarse estimation followed by a minimum mean square error algorithm for fine tuning [18] . The carrier phase is recovered by blind phase search (BPS) with 64 test angles and a block length of 65 [19] . To further reduce the residual inter symbol interference and noise, a pair of T-spaced decision directed least mean squares filters are applied on the in-phase and quadrature components separately. Finally, the equalized constellation is demodulated Fig. 2 . Channel frequency spacing is (a) 27 GHz, (b) 37.5, and (c) 50 GHz. First row is optical spectra at the SOA input (blue, single sided) and output (red, double sided); the tilde notation refers to channels before wavelength-conversion. Second row is BER versus OSNR; markers are measured data, while smooth curves are a rational polynomial fit of measurements.
to binary streams for BER calculation. A pseudorandom bit sequence of length 2 15 -1 was used, and over 5 × 10 6 bits were captured.
III. RESULTS
Flex-grid networks strive to optimize spectral efficiency and throughput by tweaking many parameters, including spacing of constituent Nyquist pulses. We investigate the performance of wavelength conversion as a function of channel spacing in terms of BER, CE and OSNR penalty. The optical spectra of the SOA input and output and the three converted channels are shown in the upper section of Fig. 2 for frequency spacing of 27, 37.5, and 50 GHz. Each spacing defines a separate frequency grid. We denote channel 1 as that closest to the pump, channel 2 in the center, and channel 3 as that farthest from the pump. The interchannel spurious tones observable in Fig. 2(c) originate from the RF synthesizer as the electrical clock is not purely sinusoidal; other harmonics are also generated.
The lower section of Fig. 2 gives the measured BER versus OSNR and reveals variation in system performance when adopting different grids. The back-to-back (B2B) curve is BER before wavelength conversion, and identical for all channels. For the 50 and 37.5 GHz grid, the required OSNR to reach the FEC threshold (3.8 × 10 −3 ) is about 19 dB. Here the Nyquist pulse shaping enables negligible interchannel crosstalk (ICI), as the channel grid is much wider than the Bd rate. Grid spacing of 27 GHz yields spectral efficiency 1.8 times greater than that of the 50 GHz grid, but the higher ICI will cause ∼1 dB OSNR penalty at the FEC threshold. The BER floor of 1 × 10 −4 at high OSNR is due to the finite SNR of the generated signals (see noise pedestal in Fig. 1 inset) .
The CE is the ratio of the conjugate power to the input signal power, with power measured via an optical spectrum analyzer with resolution bandwidth of 0.01 nm. Fig. 3 shows the CE Fig. 3 . CE per channel of the three Nyquist channels, for different frequency grids.
for wavelength converted channels for all three grids. Note that the measured CE is not only dependent on the signal and pump powers, but also on frequency (or wavelength) detuning between the signal and the pump [11] : the wider the detuning, the lower the CE. Because of this, the highest CE (5 dB) and lowest CE (-1.5 dB) are obtained for channel 1 (closest to pump) and channel 3 (farthest from pump), respectively, when the RF spacing is 50 GHz (see Fig. 2(c) ). Since total channel separation is largest for the 50 GHz RF spacing case, the CE variation is also the greatest, i.e., 6.5 dB. The minimum CE variation of 2.5 dB is obtained for 27 GHz RF spacing.
The required OSNR at the FEC-threshold is found by using a rational polynomial fitting routine on the measured data. The OSNR penalty, the difference in required OSNR, is calculated and shown in Fig. 4 . The largest OSNR penalty variation (4 dB spread) is found for the case of 50 GHz spacing: the lowest OSNR penalty is channel 1 and the highest OSNR penalty is channel 2. For all the frequency spacings, BER performance does not follows CE performance (see Fig. 3 ), with channel 2 always having the lowest OSNR penalty. 
IV. DISCUSSION
A. Power Penalty Versus CE
While the CE for the three grids is virtually identical for channel 2, the OSNR penalty of channel 2 does vary. Similarly, the 27 GHz grid has flat power penalty across different channels, while the CE varies for this grid. Clearly the CE is not a good predictor of power penalty. This is most evident for the 50 GHz spacing where even with a 5 dB CE advantage over channel 2, channel 1 achieves higher BER than channel 2. This is due to nonlinear crosstalk and the nonuniformity of the CE over the converted signal bandwidth, as we will explain.
1) Cross-Gain Modulation (XGM) Impact:
On exiting the SOA, the pump spectrum is widened due to XGM. As highlighted in [20] , this widening is much greater for phase modulated signals than intensity modulated signals. While greater CE is achieved with close proximity of pump and signal, the pump broadening complicates this as a strategy for increasing wavelength conversion performance. As predicted in simulation of Nyquist superchannels in [14] , the pulse broadening creates interference for those channels closest to the pump. While the channel closest to the pump will experience the best CE, it will also experience the worse nonlinear crosstalk from the pump XGM. The pump power in simulations in [14] was 23 dB above the signal, similar to our experimental value of 20 dB.
2) CE Nonuniformity: As expected, the CE in Fig. 3 decreases as the frequency detuning between the signal and the pump increases, i.e., channel 1 is best and channel 3 is worst. For high-speed signals, the intrachannel non-uniformity in the CE will induce distortions on the conjugate and impact the wavelength conversion performance. In addition, the extent of the resulting asymmetry on the conjugate power spectrum will vary with the center frequency detuning. This is explained by the different time dynamics of the optical processes, i.e., the carrier density variations, the spectral hole-burning and the carrier heating, that lead to wavelength conversion based on FWM in SOAs. Each of the optical processes impacts the FWM efficiency differently depending on the frequency detuning. For instance, at lower frequency detunings (typically below 10 GHz), the slower process (carrier density variations) will dominate the FWM efficiency. As the frequency detuning increases beyond 10 GHz, the carrier density variations contribution will become negligible and instead, the faster processes, (SHB and CH) will contribute to the wavelength conversion process up to the THz range [21] . The effects discussed can be observed in Fig. 3 where the CE drops more rapidly from channel 1 to channel 2 than from channel 2 to channel 3. For instance, with a frequency grid of 37.5 GHz, the CE is 3.2 dB lower for channel 2 compared to channel 1, but only 1.1 dB higher compared to channel 3. The same behavior can be observed by comparing each channel individually for all the frequency grids. This indicates that the asymmetry in the conjugate power spectrum, discussed in the next section and caused by the CE non-uniformity against the frequency detuning, will be greater for the channel closest to the pump, channel 1 in this case.
3) Impact on Spectra and BER: Fig. 5(a) presents the B2B spectrum, and for contrast we show channel 1 and channel 3 spectra in Fig. 5(b) and Fig. 5(c) respectively. The spectra were produced offline after application of DSP for signal recovery, including channel equalization. The slope on the right side of the channel 1 spectrum is noticeably smaller than the slope of the left side. The tilt is induced by the non-uniform intrachannel CE and the XGM. The spectrum of channel 3 is more symmetric, indicating that the slope in the CE against the frequency detuning is less significant for that channel. The asymmetry can also be quantified by the power on each side of the spectra for all the cases (see Fig. 5 ): the power on the right side of channel 1 is 1.7 dB higher than on the left side while it is only 0.5 dB higher for channel 3.
In Fig. 6 , we present BER data grouped by channel. For channel 1, closest to the pump, we see the post-conversion performance is best for large grid spacing. As the wavelength of channel 2 is fixed, larger grid spacing pushes channel 1 closer to the pump, enhancing CE. Proximity to pump also brings greater XGM nonlinear crosstalk and non-uniform CE, yet on balance channel 1 fares better at 50 GHz spacing. Inversely for channel 3, Fig. 6(c) , a tighter grid yields better BER for OSNRs meeting the FEC threshold. In the 27 GHz grid, channel 3 enjoys closer pump proximity and hence better performance. Note that despite the wide spread in OSNR penalty for channel 3 (see Fig. 4 ), the BER floors in Fig. 6(c) are very similar. The presence of distortion is more harmful in low OSNR regimes, leading to worse degradation at the FEC level crossing.
Focusing again on channel 1, CE goes from best to worst as we go from 50 to 27 GHz spacing; XGM is, however, worst for 50 GHz and least for 27 GHz spacing. In Fig. 6(a) , we see that the net effect on BER floor is 50 GHz being the most impaired channel spacing, while 27 and 37.5 GHz spacing have very similar performance. For 27 and 37.5 GHz spacing, the cumulative effects of linear inter-channel crosstalk, CE and XGM nonlinear crosstalk are comparable. Since the B2B performance is worse for 27 GHz, the OSNR penalty is actually less for this spacing than for 37.5 GHz, despite the similar post-conversion BER floor.
B. Flex-Grid Spacing Strategies
The B2B, curves in row 2 of Fig. 2 , were roughly equal for all three channels. As expected, we see higher BER floor when using tight channel spacing, and that increases accordingly the required OSNR to meet the FEC threshold (∼1 dB for 27 versus 50 GHz grid). This behavior does not hold following wavelength conversion. First, performance varies among channels, and second, the worst case error floors are similar post wavelength conversion.
Take the case of 50 GHz spacing with a 4.5 dB spread (2.5 to 7 dB) in power penalty across channels. In order to equalize performance across channels, higher order modulations (16QAM or 64QAM) could be used for the better channel (Ch1), and more robust modulations (BPSK, QPSK) for worst channel (Ch3) when using wavelength conversion. Without varying modulation format, the overall BER of the three channel system is dominated by the weakest channel. Modulation choice would of course be subject to other criteria, such as distance to be traveled and quality of service requirements. The constraints imposed by the unequal channel performance would lead to less flexibility overall for resource allocation. A flat OSNR penalty allows both greatest flexibility and highest overall performance.
Equal power penalty (4 dB) can be achieved for all three wavelength converted channels when 27 GHz RF spacing is used. In this case, the output channel OSNR difference is small due to minimal CE variation (2.5 dB spread).Without the guard band of several GHz for the Nyquist-WDM system, the 27 GHz grid has BER dominated by crosstalk from adjacent channels; this is not the case for 50 GHz spacing. However, close spacing may be the best wavelength allocation strategy for multi-channel wavelength conversion. Without wavelength conversion, Nyquist system spacing is chosen to balance crosstalk impairment against spectral efficiency goals. However, with wavelength conversion, spectral efficiency may be even higher than expected given the positive effect of more uniform OSNR penalty at close spacing.
V. CONCLUSION
We experimentally study the wavelength conversion of 3 × 25 GBd 16QAM Nyquist channels with flex-grid using FWM in a SOA. BER below FEC threshold was achieved for all channels converted, even when using the widest channel spacing of 50 GHz. The study shows a performance imbalance between channels when varying the RF spacing. The wavelength conversion power penalty is least imbalanced (virtually flat) with minimal RF spacing. The study contributes to optimization of the flex-grid by taking into account wavelength conversion in the optical link. Her research interests include DSP for coherent detection in optical communications, spatial multiplexing using orbital angular momentum modes in fiber, radio over fiber, and OFDM for passive optical networks; and in wireless communications, optimization of the optical/wireless interface in emerging cloud based computing networks, optical pulse shaping for high-bit rate ultrawideband (UWB) systems, and implantable medical sensors with high bit rate UWB telemetry.
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